ABSTRACT The quantum yield oftriplets formed by ion-pair recombination in quinone-depleted photosynthetic reaction centers is found to depend on their orientation in a magnetic field. This new effect is expected to be a general property of radical pair reactions in the solid state. For 0 < H < 1,000 G, the quantum yield anisotropy is caused by anisotropic electron dipole-electron dipole or nuclear hyperfine interactions, or both. For high fields it is dominated by the anisotropy of the difference g-tensor in the radical ion-pair. The magnitude and sign of the contribution of each interaction depend not only on the values of the principal components of each anisotropic tensor but also on the geometric relationship of the principal axes of each tensor to the transition dipole moment used to detect the yield. A detailed formalism is presented relating these quantities to the observed yield anisotropy. The expected magnitude of each anisotropic parameter is discussed. It is demonstrated that the field dependence ofthe yield anisotropy is consistent with these values for certain reaction center geometries.
Pt+I7 -3P1, in bacterial RCs depleted of secondary electron acceptors (see Fig. 1 ) (1, 2) . In the present paper we demonstrate that the quantum yield of this triplet state, (DT, depends on the orientation of the RCs in a magnetic field. We suggest that this effect is due to anisotropic magnetic interactions in the initial radical ion pair (PtI). Because of the straightforward dependence of such interactions on structure, this observation can contribute a great deal to our understanding of the basic questions posed above. In general, we expect that the quantum yield of radical ion-pair reactions in rigid media will depend on the orientation of the species in a magnetic field and that the interpretation of this dependence can lead to structural information.
The quantum yield of 3P in RCs as a function of the applied magnetic field strength, IT(H), has been studied by a number of investigators. FT(H) is observed to decrease in the range 0-500 G (3, 4) and to increase again over the range 2-50 kG, becoming independent of field at very high field with a value in excess of the zero-field yield (5, 6) . These observations are explained by the spin dynamics of the radical ion pair, PtI-*, in competition with the recombination reactions. In small fields the loss of degeneracy of the singlet radical pair state, S, with two of the triplet radical pair states, To and T_, decreases the rate of triplet radical pair formation (7, 8) . In large fields, the difference in the g-factors ofthe radicals can contribute enough to the rate of To radical pair formation to make up for the loss at low field, such that the FT at high field exceeds that at zero field. At very high fields, the yield of 3P reaches a plateau because the rapid rate ofS-To interconversion brings the two radical pair states into equilibrium prior to recombination (6) . In the high-field limit (electron Zeeman interaction much greater than the spin-spin interactions, H > 300 G), the radicalpair energy-level diagram reduces to a simple two-level system, S and To. The splitting ofthese two states is due to the isotropic exchange interaction and the anisotropic electron dipole-electron dipole fine structure interaction which depends on the orientation of PtI in the magnetic field. Because SPT(H) depends explicitly on the singlet-triplet splitting which impedes S-To mixing, RCs with different orientations in a magnetic field should have different triplet quantum yields. In addition, the nuclear hyperfine interactions and the g-factor difference which drive S-To mixing may be anisotropic. Because the contribution of the g-factor difference to the rate of S-To mixing increases with increasing field, whereas that due to hyperfine interactions and the inhibition due to the dipole-dipole interaction are constant with field strength, the anisotropy of4DT may change dramatically with field. We have shown elsewhere (5, 6 ) that, in the high-field limit and for isotropic interactions, ST(H) has a relatively simple theoretical form. It is shown in this paper that this relationship also is valid for anisotropic interactions when it is recognized that various parameters are functions of the orientation of the RC in the magnetic field.
EXPERIMENTAL
In this experiment we probe the absorption of P at 870 nm with light polarized either parallel or perpendicular to the magnetic field. The absorption is probed after Pt1 has completely decayed but before 3P has decayed to any significant extent. Thus, we select for observation an anisotropic distribution of RCs; if the yield of 3P is anisotropic, we can observe an anisotropic bleach of P absorption (Fig. 1) . The excitation and observation beams are directed at a right angle to the field by using mirrors within the magnet bore (9) . Quinone-depleted (10) RCs (10 
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RESULTS
In a magnetic field, the effect of varying the polarization of the observation beam, no, is large and highly field dependent (Fig.  2) . This result implies both a highly anisotropic quantum yield and a highly anisotropic absorption at 870 nm. The effect of varying the polarization of the excitation pulse, ,1e is much smaller. I(H, the o 710) = S(H, tnei rio)/S(0, 'te' 'T0) [1] (H. e) I(H, nef0) -I(Hne900) [2] I(H,n1000) + 2 I(H, ne,900) [3] Because the relative yields, I(H,nieno), are defined as ratios, the effect of the field-independent photoselection is not in- If absorption at 532 nm were isotropic, the observation anisotropy, ao(H,q1e), would be independent of Be and the excitation anisotropy, ae(H,nr0), would be zero at all fields. Both of these conditions are approximately satisfied by the data in Table  1 . An alternative, but far less likely, possibility is that the transition dipole moment at 532 nm is well defined but lies near the "magic angle" (54.740) to the principal axes of each significant anisotropic interaction and also to the transition dipole moment at 870 nm (necessary to explain the weak photoselection). We discard this possibility as extremely unlikely and, in the dis- cussion which follows, will take the excitation to be isotropic due to the diversity of transitions at 532 nm. Thus, we consider only the observation angle and make the replacements: 71 = notb I(H,n7) = I(H, he = 0°, n.), [4] and a(H) = a0(H,rq, = 00). The quantum yield at zero field, (T(O), has been measured (9, 11) . The average quantum yield, 44v(H), at any field can be calculated:
[5]
A plot ofthe relative yields, I(H,00) and I(H,900), as a function of field and the quantum yield anisotropy, a(H), are shown in Fig. 2 [9] i~j i~j where S, and S2 and g1 and g2 are the angular momentum operators and g tensors for electrons 1 and 2 on radicals Pt and IF, respectively. At,, P., IL,, and yRy are, respectively, the hyperfine tensor, quadrupole tensor, angular momentum operator, and magnetogyric ratio for the ith nucleus-on thejth radical. J and D are, respectively, the isotropic exchange coupling constant and the dipole-dipole tensor for the unpaired electron on Pt interacting with the unpaired electron on Fs. be is the Bohr magneton. In order to obtain a simpler expression appropriate for high field, we can make the approximation that the g factor anisotropies are small (very reasonable for ir radicals like Pt and 1*) and neglect terms which couple states split by the large electron Zeeman interaction. In that case the electron spins are quantized in the field and only S and'TO states mix. Ifwe further neglect the nuclear Zeeman and nuclear quadrupole interactions, * nuclear states are not mixed, and we obtain the following useful form of the high field Hamiltonian for the kth nuclear The' radical pair is born in the singlet state, S, and 7C'k can only mix S and To states. This mixing is determined by the energy splitting, AE(P, y), and by the coupling constant, wk(H,yY), which is the frequency of S-To mixing in the absence of an energy splitting. In addition to this mixing, the singlet and triplet * Neither the nuclear Zeeman nor the nuclear quadrupole interactions couple singlet and triplet electron spin states directly. However, they can modify the effective hyperfine coupling.by mixing nuclear states. With isotropic hyperfine interactions the nuclear Zeeman interaction has no effect, but with anisotropic hyperfine interactions the effective hyperfine coupling may be modified at very high fields. However, in the case discussed here, the contribution ofthe hyperfine interactionsto the yield anisotropy at such fields is' small compared to that of the anisotropic difference g tensor; so, the approximation is reasonable.
The nuclear quadrupole interaction only occurs here for the "4N nuclei. When the' hyperfine field direction, i -At, coincides with a principal axis of the quadrupole tensor (e.g., ip), the hyperfine-induced coupling is accentuated by the deviation ofthe quadrupole tensor from axiality in that direction (13) .
A/(3,'y) = [IijAI2 + (p -)2.
An extension ofthe analysis presented below to include a quadrupole tensor modeled on the known nuclear quadrupole transitions in pyridine (1p* ' = 0; Pz/gJ0e = 0:8 G) (14) shows that neither the maximum A(P3,y) (Eq. 13, obtained with ! parallel to ZA) nor the minimum A(f,'y) (obtained with z perpendicular to ZA) changes by more than 1%.
The exact angular dependence ofA(B,y) will be changed. The anisotropy of the triplet yield should be only weakly affected. (1982) 4635 radical pair states are drained by recombination reactions (rate constants ks and kT, Fig. 1 ). Under these influences, the molecular triplet quantum yield, 'FT(Hj3, y), can be obtained from the stochastic Liouville equation (5, 8) . The result, similar to that in ref. 5 and written here in a modified form, is:
'DT(HPy) = kT 1 )]2) ks + kT N k-i 1 + [K(P,y)/cok(H,P,)] [11] where K'(P,y) kskT {1 + [2AE(0,y)/t(ks + kT)]2}.
Until this point the derivation is quite general for the highfield limit. We now consider physically reasonable values for the magnitude of each anisotropic magnetic interaction in the particular case ofPt-* and the manner in which each affects the yield.
Dipole-.Dipole Interaction. Based on a detailed analysis of (FT(H) at low field (0-1,000 G), we have suggested that the zero field splitting parameters for the electron dipole-electron dipole interaction between Pt and IF are: D/gePe -40 to -60 G and E/gePe 10-15 G (15) . In the present analysis, we will consider D/gefPe = -45 G and 'E/g,,Pe = 10 G. The required component of the dipole-dipole tensor is then: [12] L LD, 2 *D, and Z YD are the projections of the principal axes of the dipole-dipole tensor on the applied field direction Z. They are functions of the Euler angles /3, y, aD, PD, and yD Neither the precise magnitude nor the sign of the isotropic exchange interaction, J, is known at this time, although-it is certainly quite small (7, 8) . The value of J does affect the way in which the dipolar interaction contributes to the yield anisotropy. For simplicity we will assume J = 0 here. The dipolar energy splitting of S and To is greatest with the field along ZD (approximately the direction joining the two radicals). If we could ignore the other anisotropic interactions, the most negative yield anisotropy would occur for ZD parallel to WD7o (PD -00), and the most positive anisotropy, for YD parallel to A870 (PD = 900 YD = 900) Anisotropic Nuclear Hyperfine Interactions. Consideration of the hyperfine interactions in both Pt and F (16) shows that the two nitrogens in the reduced rings of I * should have by far the dominant anisotropic hyperfine interactions; thus, we take the other hyperfine interactions to be isotropic. The isotropic '4N hyperfine coupling constants in the bacteriopheophytin a anion are AN/g90e = +2.3 G and the spin density is calculated to be 0.10 on each ofthese nitrogens (17) . From In order to calculate the quantum yield, we must consider both the isotropic and anisotropic hyperfine contributions. Due to the large number of nuclear hyperfine interactions in the radical pair, PtF, we replace the sum over discrete nuclear states in Eq. 11 with an integration over a gaussian distribution for (0k The first term is the contribution from the nuclei on Pt; Al/ &ePe has been measured by EPR to be 9.8 G (18) . The second term is the contribution from the nuclei on F; A2/ge,,e has been measured by EPR to be 13 G (18 [14] where L 2g, L xg, and 2 * gg are the projections of the principal axes of the difference tensor Ag on the field direction, Z.
The g factors which have been measured for trapped Pt and IF (18) give Agi, =-1.0 x 10-3, consistent with the value obtained from our previous, isotropic analysis ofthe triplet yield (5 (,B and y) , the values of AE(P, y), A(p,y), and Ag(p, y) are calculated by using Eqs. 12-14. EDT(H,P3, y) is then calculated by using Eq. 11 with numerical integration over W as described above. Eq. 6 is then numerically integrated over P and y.
The results of such calculations are shown in Fig. 3 for the parameters listed in the legend. Our purpose is to show that the experimental field dependence of the yield and its anisotropy can be explained by anisotropic magnetic interactions in the radical pair when reasonable values are used for the parameters. In particular, these calculated curves demonstrate the strong dependence ofthe yield and anisotropy on Agi.0 and Aga, respectively. The dependence on the other parameters, such as ks, kT and J, as well as a discussion of the low-field behavior (H < 500 G) are presented elsewhere (9, 15 can fit the data. As the magnetic field is increased, the rate of S-To mixing increases due to AgiO, and the effects ofthe dipolar and hyperfine interactions on the yield and anisotropy decrease (see Fig. 3B with. Aga = 0).
The effects of Agrh (not shown in Fig. 3 
